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FGF and Shh Signals Control Dopaminergic
and Serotonergic Cell Fate
in the Anterior Neural Plate
D±V axis (reviewed in Tanabe and Jessell, 1996), whereas
signaling centers located in the prechordal plate, par-
axial mesoderm, mid/hindbrain boundary (isthmus), and
the anterior neural ridge (ANR) can change cell fate along
the A±P axis of the neural tube (reviewed in Itasaki et
Weilan Ye,* Kenji Shimamura,² John L. R. Rubenstein,²
Mary A. Hynes,*³ and Arnon Rosenthal*³
*Department of Neuroscience
Genentech, Inc.
South San Francisco, California 94080
al., 1996; Lumsden and Krumlauf, 1996; Dale et al., 1997;²Nina Ireland Laboratory of Developmental
Foley et al., 1997; Grapin-Botton et al., 1997; Muhr etNeurobiology
al., 1997; Shimamura and Rubenstein, 1997; Houart etDepartment of Psychiatry
al., 1998). Finally, in agreement with the notion that theUniversity of California, San Francisco
information grids are established by extracellular mole-San Francisco, California 94143
cules, a number of secreted proteins and chemicals
were shown to modify the cell fates in a characteristic
fashion. Thus, Sonic hedgehog (Shh) and bone morpho-Summary
gentic protein (BMP) were shown to influence cell fate
along the D±V axis (reviewed in Tanabe and Jessell,During development, distinct classes of neurons are
1996), whereas FGF2, FGF8, retinoic acid, and Wnt1 canspecified in precise locations along the dorso±ventral
change cell fate along theA±P axis (reviewed in Crossleyand anterior±posterior axes of the neural tube. We
et al., 1996; Lumsden and Krumlauf, 1996; Shimamuraprovide evidence that intersections of Shh, which is
and Rubenstein, 1997).expressed along the ventral neural tube, and FGF8,
Despite the strong evidence for the existence of posi-which is locally produced at the mid/hindbrain bound-
tional cues, there has been no direct demonstration thatary and in the rostral forebrain, create induction sites
two molecularly defined, secreted physiological signalsfor dopaminergic neurons in the midbrain and fore-
operate along the A±P and D±V axes, respectively, tobrain. The sameintersection, when preceded by athird
determine the location and phenotype of a particularsignal, FGF4, which is expressed in the primitive
neuronal cell type in the neural tube.streak, defines an inductive center for hindbrain 5-HT
To achieve this goal, we have investigated the signalsneurons. These findings illustrate that cell patterning
that specify the fates and initial positions of dopaminer-in the neural plate is a multistep process in which early
gic (DA)and serotonergic (5-HT) neurons, which, respec-inducers, which initially divide the neural plate into
tively, appear in the ventral midbrain and hindbrain ofcrude compartments, are replaced by multiple local
the rat neural tube between embryonic days 11±15 (Lau-organizing centers, which specify distinct neuronal
der and Bloom, 1974; Figure 1C).cell types within these compartments.
We show here that DA neurons develop at sites where
the signals of two distinct molecules, Shh and FGF8,Introduction
intersect and that these two extracellular inducers are
necessary and sufficient for the induction of DA neurons
The vertebrate nervous system is composed of multiple
in multiple locations in the neural tube. Progenitors for
cell types which develop in stereotypic positions along
rostral hindbrain 5-HT neurons appear to use the same
the dorso±ventral (D±V) and anterior±posterior (A±P)
intersection as a landmark for specification but assume
axes of the neural tube. The mechanism controlling this
a distinct identity, possibly because their response to
process is not fully understood (reviewed in Lumsden
Shh and FGF8 is modified by FGF4. Although the Shh/
and Krumlauf, 1996; Tanabe and Jessell, 1996). How- FGF8 intersection provides essential positional informa-
ever, it has been proposed that signaling centers that
tion for mature DA and 5-HT neurons in the midbrain
operate along the two mainaxes of this system establish
and rostral hindbrain, it appears dispensable for the
an epigenetic grid of Cartesian coordinates and that
initial expression of the early genes Pax2, Pax5, Wnt1,
neural progenitors assume distinct cell fates according and Engrailed 1 (En1), which demarcate the mid/hind-
to their location on this grid (e.g., Wolpert, 1969; Ru- brain, and for the differentiation of other cell types in
benstein et al., 1994). this region. These findings substantiate the existence
Consistent with the grid hypothesis, grafting experi- of a functional epigenetic Cartesian grid of positional
ments have demonstrated that neural progenitors can information in the neural tube and provide evidence that
acquire new identities if moved to ectopic locations (Al- distinct phases in the regionalization of this tissue are
varado-Mallart et al., 1990; Gardner and Barald, 1991; controlled by different positional cues and are executed
Simon et al., 1995; Itasaki et al., 1996; Grapin-Botton et by multiple regional organizing centers.
al., 1997). In addition, transplantation and explant cul-
ture studies have confirmed the existence of signaling Results
centers that can change the fate of juxtaposed neural
progenitors. Thus, signaling centers such as the dorsal DA and 5-HT Neurons Are Specified in Isolated
ectodermal epidermis, roof plate, floor plate, and noto- Neural Plate Explants that Express
chord have been shown to instruct cell fates along the both Shh and FGF8
To identify signals that provide positional information
for the developing DA and 5-HT neurons, we have first³Correspondence may be addressed to either senior author.
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Figure 1. Location of Early Gene Markers and Mature Neurons in the Early Embryo
(A±C) Parasaggital sections of the E14 rat ventral mid/hindbrain were stained for (A) Fgf8 (purple) and Shh (red) mRNA, (B) Fgf8 mRNA (purple)
and TH protein (tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis) (red), and (C) TH (dopaminergic neurons) (red) and 5-HT
(serotonergic neurons) (green). The arrows mark the isthmus and the site of Fgf8 expression. DA neurons are confined to the rostral side of
the isthmus and 5-HT neurons to the caudal side (in [C] 5-HT axons are seen crossing the TH1 domain).
(D and E) Six somite stage rat embryos in situ hybridized for Fgf8 (purple) ([D], side view) or Shh (purple) ([E], ventral view). The red lines
represent transection sites. The numbers represent the presumptive rostral forebrain (1), caudal forebrain (2), midbrain (3), and hindbrain (4±6).
The boundary between 3 and 4 is the rhombic isthmus (d, presumptive dorsal; v, presumptive ventral).
(F) In situ hybridization of Fgf8 (purple) and Shh (red) to an E13 rat v3/4 explant.
(G) E9 explants dissected as outlined in (D) and (E) were in situ hybridized to Fgf8 (purple) (top row). Ventral explants were cultured in collagen
gel for 36 hr and then stained for Shh (green) (middle row) or for 6 days and then double immunostained for TH (red) and 5-HT (green) (bottom
row).
For each region, 25 explants were examined. PS, primitive streak; ANR, anterior neural ridge; IC, intraembryonic coelom. Broken white lines
in G outline the explants. Anterior is to the left, posterior to the right. Scale bars 5 500 mm in A; 250 mm in B and C; 80 mm in D; 60 mm in E
and G, middle row; 200 mm in F; 40 mm in G, top row; 120 mm in G, bottom row.
determined where these two cell types appear in the forebrain (Otx1 and Otx2), and mesencephalon/hind-
brain (En1, En2, Wnt1, Pax2, and Pax5 [reviewed in Bally-neural tube. To this end, neural plate from 6 somite
stage (E9) rat embryos was transected (together with Cuif and Wassef 1995; Joyner 1996]). In addition, the
expression of the floor plate marker FP4 (Placzek et al.,the underlying axial and paraxial mesoderm) along the
A±P axis into seven z50±100 mm long explants. Each 1993), which extends from the caudal-diencephalon to
the end of the spinal cord, Fgf8, and Shh were examinedexplant was monitored in culture for up to 7 days for
expression of markers that typify the rostral forebrain in these explants. The combined expression patterns
of these genes together with morphological landmarks(Bf1 [Xuan et al., 1995; Shimamura and Rubenstein,
1997], Otx1 and Otx2 [Simeone et al., 1992]), caudal allowed us todefine explant 1 as the presumptive rostral
Induction of DA and 5-HT Neurons by FGF8 and Shh
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Figure 2. Ectopic Induction of TH1 Neurons by Floor Plate and Isthmus
(A) Six somite rat dorsal explant encompassing the forebrain, mesencephalon, and metencephalon (d1±4) was cultured for 6 days and stained
for TH (red) and FP4 (green). Neither TH1 DA neurons nor FP41 floor plate cells were detected (n 5 0/10).
(B) Six somite rat d1 explant was cocultured with an E13 rat spinal cord floor plate explant (green FP4 staining). TH1 neurons (red) were
induced in d1 by the floor plate (n 5 11/12 TH1).
(C) Six somite rat dorsal mes/metencephalic explant (d3/4) was cocultured with a floor plate explant. TH1 neurons (red) were induced by the
floor plate (n 5 9/11 TH1).
(D±F) Ectopic induction of DA neurons by isthmus. Six somite rat v2 explant ([D], n 5 0/14 TH1) or 10 somite chick rhombic isthmus explant
([E], n 5 0/13 TH1), were cultured alone, or in combination ([F], n 5 17/18 TH1) for 6 days and stained for TH (red) and chick-specific neuronal
marker L1 (green). TH1 DA neurons were ectopically induced (.100 TH1 neurons/explant) in v2 by the chick isthmus. Broken white lines in
(A) and (D) outline the explants. Scale bar 5 200 mm.
forebrain, 2 as presumptive caudal forebrain, 3 as pre- al., 1993) can induce DA neurons in ectopic dorsal loca-
tions in both the midbrain and rostral forebrain regionssumptive midbrain/caudal forebrain, 4 and 5 as pre-
sumptive hindbrain, 6 as presumptive caudal hindbrain/ (Figures 2A±2C) (Hynes et al., 1995a) but not in the cau-
dal forebrain explants (data not shown). On the otherrostral spinal cord (Figure 1), and 7 as presumptive spi-
nal cord (data not shown). hand, the isthmus, a known organizing center for the
midbrain and hindbrain (Gardner and Barald, 1991;After 5 days in culture, TH1, dopamine-producing DA
neurons were detectable in the ventral aspects of ex- Bally-Cuif et al., 1992; Marin and Puelles, 1994; Martinez
et al., 1995), induces DA neurons in ectopic ventrocaudalplants 1 (v1) and 3 (v3), whereas 5-HT1 neurons were
detected in the ventral aspects of explants 4±6 (v4±v6) forebrain explants (Figures 2D±2F). Thus, floor plate±
and isthmus-derived signals appear to control the posi-(Figure 1G, bottom row). Explants derived from 0 or 3
somite embryos cultured either with or without paraxial tion of DA neurons along the D±V and A±P axes, respec-
tively.mesoderm gave rise to the same mature neurons as their
6 somite counterparts (data not shown). The spatially The floor plate and isthmus have previously been
shown to mediate their inductive properties in part viarestricted appearance of DA and 5-HT neurons in these
explants indicated that by the 0 somite stage all of the Shh (reviewed in Chiang et al., 1996; Ericson et al., 1996;
Tanabe and Jessell, 1996) and FGF8 (Crossley et al.,signals that delineate the location of DA and 5-HT neu-
rons are present in isolated paraxial mesoderm-free 1996; Lee et al., 1997), respectively. Even though the
floor plate terminates in the caudal-diencephalon (Plac-neural plate tissue, permitting ventral DA neurons to
specifically and independently develop in the midbrain zek et al., 1993; Dale et al., 1997), the expression domain
of Shh extends into the anterior forebrain (Figure 1G)and rostral forebrain explants and 5-HT neurons to de-
velop in the hindbrain explants. (reviewed in Shimamura et al., 1995). Likewise, in addi-
tion to the isthmus region, FGF8 is highly expressed inConsistent with the notion that the characteristic posi-
tions of DA neurons are determined by epigenetic sig- the ANR (Heikinheimo et al., 1994; Crossley and Martin,
1995; Crossley et al., 1996; Shimamura and Rubenstein,nals, we further found that the floor plate (Placzek et
Cell
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Figure 3. Differentiation of DA and 5-HT Neurons Requires Shh
Six somite v1 explants (A, E, and I), v3 explants (B, F, and J), v4 explants (C, G, and K), or v5 explants (D, H, and L) were cultured for 6 days
either in control medium (A, B, C, and D) with Shh function-blocking antibody added at day 0 (E, F, G, and H) or at day 2 (I, J, K, and L). Red,
TH immunostain (DA neurons); green, 5-HT immunostain (serotonergic neurons). (A), n 5 8/8; (B), n 5 14/15; (C), n 5 14/14; (D), n 5 17/17,
(E), n 5 0/6; (F), n 5 1/12; (G), n 5 0/16; (H), n 5 1/24; (I), n 5 0/7; (J), n 5 10/11; (K), n 5 0/13; and (L), n 5 9/25 with less than 50 5-HT1
neurons/explant. Broken white lines mark the negative explants. Scale bar 5 120 mm.
1997) (Figures 1D and 1G). These expression patterns 3F). Shh antibody added to the explants after 24 or 48
lead to intersections of the FGF8 and Shh signals in the hr prevented the appearance of DA in the forebrain but
ventral aspect of the isthmus and the ventral aspect of not in the midbrain, indicating that the critical period for
the rostral forebrain, two sites where DA neurons are Shh signaling is within the first 24 hr of somitogenesis
born (Figure 1G). Given this striking colocalization of in the midbrain and 48 hr after somitogenesis begins in
Shh, FGF8, and DA neurons, we explored the possibility the forebrain (Figures 3I and 3J).
that the intersections of Shh and FGF8 signals create These findings, together with the fact that recombi-
inductive centers for midbrain and rostral forebrain DA nant Shh was capable of inducing ectopic DA neurons
neurons. in the dorsal aspect of the midbrain (d3) (Hynes et al.,
1995b; Wang et al., 1995) and rostral forebrain (d1) but
Shh Is Necessary and Sufficient for the Induction not in ventro- or dorsocaudal forebrain (v2, d2) or hind-
of DA Neurons Along the D±V but brain (v4±6, d4±6) (data not shown), establish that Shh
Not the A±P Axis is the physiological inducer of endogenous DA neurons
Shh function-blocking antibodies (Ericson et al., 1996) in the ventral midbrain and ventrorostral forebrain and
and recombinant Shh protein (Hynes et al., 1995b) were that it can control the position of DA neurons along the
used to examine the role of Shh in DA neuron induction D±V but not A±P axis.
in the midbrain and rostral forebrain. E9 ventral midbrain
(v3) or ventrorostral forebrain (v1) explants containing
FGF8 Activity Is Necessary for the Developmentendogenous Shh (Figure 1G) were exposed to the Shh-
of DA Neurons in the Midbrainblocking antibody from day 0 in culture and monitored
We then examined whether FGF8 also provides posi-for the presence of DA neurons 6 days later. DA neurons
tional information for DA neurons in the midbrain. Sixwere detected in control explants v1 and v3 (Figures 3A
somite rat ventral mid/hindbrain explants (v3/4) wereand 3B) but were absent when these explants were
cultured with Shh-blocking antibody (Figures 3E and cultured with soluble FGF receptor 3c (FGFR3-IgG), a
Induction of DA and 5-HT Neurons by FGF8 and Shh
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Figure 4. FGFR3-IgG Blocks the Appearance of Midbrain DA and Rostral Hindbrain 5-HT Neurons
TH1 (red) and 5-HT1 (green) neurons develop normally in 6 somite v3/4 explants grown for 6 days in the presence of FGFR1-IgG applied at
day 0 ([A], n 5 21/23) but fail to develop in the presence of FGFR3-IgG applied at day 0 ([B], n 5 2/22) or decrease in number with FGFR3-
IgG applied after 1 day in culture ([C], n 5 12/14). FGFR3-IgG failed to block the development of TH1 and 5-HT1 neurons when applied after
2 days in culture ([D], n 5 11/11). b-tubulin1 neurons (green) readily appear in v3/4 explants that were grown for 6 days in the presence of
FGFR3-IgG ([E], n5 16/16). FGFR3-IgG applied at day 0 failed to block the development of 5-HT1 neurons in v5 explants ([F], n 5 11/13).
HNF3b1 (red) and FP41 (green) cells develop in v3/4 explants with CD4-IgG applied at day 0 ([G], n 5 6/6) or FGFR3-IgG added at day 0 ([H],
n 5 6/6). (I) RT±PCR analysis of mid/hindbrain markers in 0 somite explants 3 and 4 that were exposed to CD4-IgG or FGFR3-IgG and collected
at day 0, day 1, or day 4. FGF8a, -b, -g, or -h represents alternatively spliced transcripts. Low levels of Nurr1 transcripts representing expression
in nondopaminergic neurons were detected in all lanes at days 1 and 4. In the presence of FGFR3-IgG, Nurr1 was never induced above the
background level. Broken white lines in (B), (G), and (H) mark the explants. Scale bar 5 180 mm.
high-affinity blocking receptor for FGF8 (FGFR3 binds In the presence of FGFR1-IgG or CD4-IgG, TH1 DA
neurons readily appeared in the v3/4 explants (Figuresadditional members of the FGF protein family; see Dis-
cussion) (MacArthur et al., 1995; data not shown) and 4A and 4I; data not shown). These neurons were positive
for two additional markers: Ptx31 (a homeodomain geneexamined for the presence of DA neurons after 5 days
in culture. Soluble FGF receptor 1c (FGFR1-IgG), a low- that is specifically expressed in midbrain dopaminergic
neurons [Smidt et al., 1997]) and Nurr11 (an orphan ste-affinity nonblocking receptor for FGF8 that binds multi-
ple other members of the FGF protein family including roid receptor that is expressed in midbrain dopaminer-
gic progenitors as well as in other cell types [Law etFGF1, -2, -4, -5, and -6, (MacArthur et al., 1995; data
not shown), or a soluble T cell receptor CD4 (CD4-IgG), al., 1992; Zetterstrom et al., 1997]). In contrast, these
neurons failed to develop in explants that were grownwere used as negative controls.
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with FGFR3-IgG (Figures 4B and 4I) and were not res-
cued by a general mitogen EGF (data not shown), indi-
cating that they require FGF8. FGFR3-IgG also blocked
the development of DA neurons in paraxial-mesoderm
free explants (data not shown) and was effective when
added at 0, 3, or 6 somite stages, but not at the 24
somite stage (Figures 4B±4D; data not shown).
Consistent with an essential role for FGF8 in mid- and
hindbrain development and with these FGF8 blocking
experiments, the caudal midbrain and rostral hindbrain
(Meyers et al., 1998) as well as TH1, Ptx31 DA neurons
are absent in mice that express severely reduced levels
of FGF8, whereas the ventral midline marker HNF3b is
still detected (data not shown). Mice with a moderate
reduction in the levels of FGF8 (Meyers et al., 1998) do
generate a population of midbrain dopaminergic neu-
rons, but their numbers are dramatically reduced com-
pared to normal littermates (data not shown). The devel-
opment of other cell types in the v3 explant, including
Islet11 motoneurons (Ericson et al., 1992), Calretinin1
neurons (ReÂ sibois and Rogers, 1991; Rogers, 1992),
FP41 floor plate cells, and HNF3b1 ventral midline cells
(Ruiz i Altaba et al., 1993; Sasaki and Hogan, 1993), was
not significantly affected by FGFR3-IgG (Figures 4G and
4H; datanot shown), indicating that among thecell types
examined within the midbrain, DA neurons, which are
born adjacent to the isthmus, are differentially sensitive
to a reduction in the levels of FGF8.
Since the development of DA neurons in the midbrain
is preceded by expression of early regulatory genes, we
examined whether they are also dependent on FGF8
activity. In the presence of FGFR1-IgG or CD4-IgG, gene
expression occurred normally (Figure 4I; data not shown).
In contrast, when mid/hindbrain neural plate explants
were cultured for 4 days in the presence of FGFR3-IgG,
Figure 5. FGFR3-IgG Blocks Tissue Patterning in the Rostral Fore-mRNA for Fgf8, Wnt1, Pax2, Pax5, En1, and En2 were
braineliminated or significantly reduced (Figure 4I, lane 5).
(A) Expression of FGF8 in the ANR of a 7 somite mouse embryo.Surprisingly, when these genes were analyzed at earlier
(B) TH1 DA neurons are eliminated following unilateral removal oftime points, we found that transcripts for Fgf8, Wnt1,
the ANR from v1 explants (left side, n 5 6).
En1, Pax2, and Pax5 (but not for En2) were initially in- (C) DA neurons develop in v1 explants in the presence of CD4-IgG
duced, persisted for the first 24 hr, and then declined (n 5 8/8).
(D) DA neurons failed to develop in v1 explants in the presence of(Figure 4I, lanes 3 and 5), suggesting that FGF8 is re-
FGFR3-IgG (n 5 0/7).quired for their stable expression. Several other genes
(E) Expression of Bf1 in the anterior neural plate of a 7 somite mouseexpressed in the midbrain were not affected by blockade
embryo.
of the FGF8 signal (Figures 4E and 4I). (F) Bf1 expression is eliminated following unilateral removal of the
Taken together, these findings support the idea that ANR (left side, n 5 6).
the FGF8 signal restricts the territory in which DA neu- (G) Bf1 (blue) and Otx2 (brown) are expressed in ANR-containing
explants that were exposed to CD4-IgG (n 5 10/10).rons originate along the A±P axis of the neural tube, but
(H) The expression of Bf1 (blue), but not Otx2 (brown), is eliminatedit is dispensable for the initial induction of most early
in ANR-containing explants (3 somite stage) that were exposed toregulatory genes in the same region.
FGFR3-IgG (n 5 0/15).
Pro, prosencephalon (forebrain); Mes, mesencephalon (midbrain);
Rho, rhombencephalon (hindbrain). Broken white lines in (B), (C),
and (D) outline the explants. Scale bar 5 90 mm in (A), (F), (G), andFGF8 Activity Is Necessary for the Induction
(H); 115 mm in (E); 160 mm in (B), (C), and (D).of DA Neurons in the Rostral Forebrain
We next determined whether the TH1 (Figure 1G), dopa-
mine-producing, dopamine-b-hydroxylase-negative (data normally (Figure 5C; data not shown). In contrast, no
not shown) neurons in the rostral forebrain are also de- TH1 neurons were present in similar explants that were
pendent on FGF8 signal for their development. Cephalic incubated with FGFR3-IgG (Figure 5D). The forebrain
neural plate explants were exposed to the FGF8 block- contains multiple clusters of dopaminergic neurons
ing reagent and monitored for the appearance of DA (Specht et al., 1981), and these findings indicate that
neurons 5 days later. In explants that were incubated they may all require FGF8 for their development. Like-
wise, even though multiple production sites of FGF8with CD4-IgG or FGFR1-IgG, DA neurons developed
Induction of DA and 5-HT Neurons by FGF8 and Shh
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Figure 6. Ectopic Induction of Mid/Hindbrain Markers and DA Neurons by FGF8 and Shh
(A±C) TH1 DA neurons (red) are induced in 6 somite rat v2 explants by FGF8 beads in the absence ([B], n 5 14/19) but not in the presence
([C], n 5 0/7) of Shh-blocking antibody. Control beads do not induce DA neurons ([A], n 5 0/12).
(D±F) DA neurons (red) are induced in 6 somite rat d2 explants in the presence of a combination of Shh and FGF8 proteins ([F], n 5 5/7) but
not in the presence of Shh ([D], n 5 0/7) or FGF8-coated beads ([E], n 5 0/8) alone.
(G) DA neuron markers TH, Nurr1, and Ptx3 as well as the early mid/hindbrain markers En1, En2, Fgf8, and Pax5 are induced by FGF8 in v2
explants. Control (v2): v2 explants treated with uncoated beads; FGF8 (v2): v2 explants treated with FGF8-coated beads; control (v3/4): v3/4
explants used as a positive control. All explants were taken from 6 somite rats and cultured for 6 days.
Dashed white lines mark the explants. Solid white lines outline beads. Scale bar 5 200 mm.
exist in the forebrain, following unilateral removal of the Taken together these data suggest that FGF8 and
Shh are required for the development of DA neurons inANR, which expresses FGF8, no TH1 neurons appeared
in the operated sides (Figure 5B). Thus, the ANR could multiple locations along the anterior neural tube. The
data further suggest that FGF8 may induce a set of univer-be a physiological source of FGF8 activity and/or a major
birth place for the developing DA neurons in the fore- sal genes that are responsible for the development of
dopaminergic neurons in the midbrain and forebrain andbrain. FGF8, which is initially detected in the ANR at the
4 somite stage (Figure 5A; data not shown), is not only a set of region-specific genes (Bf1 in the forebrain and
En2 in the midbrain) that is not associated with the dopa-required for the development of mature neurons, but
also appears to be necessary for the expression of Bf1, minergic phenotype.
an essential transcription factor that is first expressed
in the 7 somite stage forebrain (Figure 5E) (Xuan et al., FGF8 and Shh Can Cooperate to Induce DA
Neurons in Ectopic Locations1995; Shimamura and Rubenstein, 1997). As depicted,
expression of Bf1 is lost following surgical removal of Given the fact that FGF8 is required for the development
of DA neurons in the rostral forebrain and midbrain, wethe ANR (Figure 5F; Shimamura and Rubenstein, 1997)
or exposure to FGFR3-IgG (Figure 5H) but not to FGFR1- went on to examine whether it is sufficient to induce DA
neurons in other sites along the A±P axis of the anteriorIgG or CD4-IgG (Figure 5G; data not shown). Consistent
with the possibility that FGF8 up-regulates Bf1 directly, neural tube. Rat v2 explants, which normally never give
rise to DA neurons (Figure 1G), were exposed to FGF8we found that FGFR3-IgG prevented the expression of
Bf1 when added to 0±3 somite stage explants, signifi- beads and monitored for the appearance of DA neurons
after 6 days. TH1, Nurr-11, Ptx31 DA neurons werecantly reduced the number of Bf11 cells and the intensity
of Bf1 when added at the 4±5 somite stage, but was readily induced in the presence of FGF8 (Figures 6B and
6G), but not control beads (Figure 6A). In addition, FGF8ineffective when added from 6 somites onward (data
not shown). was capable of ectopically inducing Fgf8, En2, En1,
Cell
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and Pax5 (Figure 6G), even though it does not appear located 5-HT neurons, which reside at a distance from
the mid/hindbrain boundary and, hence, the source ofto be required for the initial activation of all these genes
in the mid/hindbrain region (Figure 4I). FGF8 failed, how- FGF8, do not appear to require FGF8 for their devel-
opment.ever, to activate expression of Wnt1 or Pax2 in these
explant cultures (Figure 6G). Induction of DA neurons We next examined whether Shh and FGF8 are suffi-
cient to induce 5-HT neurons in ectopic locations. V2and En1/En21 protein was also observed in the presence
of FGF4 and -6 coated beads, although neither of these and v3 explants, which do not normally give rise to
5-HT neurons, were cultured with FGF8 and Shh andfactors is discretely expressed in the mid/hindbrain or
telencephalic neural plate (data not shown). FGF1, -2, examined for the presence of 5-HT neurons 6 days later.
While endogenous DA neurons developed normally in-5, -7, or -9 and multiple other neurotrophic factors and
mitogens did not effectively induce DA neurons in the v3 explants and were induced by FGF8 in v2 explants,
5-HT neurons failed to appear in these explants (datacaudal forebrain (data not shown). Importantly, FGF8
induced DA neurons in v2 but not d2 explants (Figures not shown). Thus, although necessary, FGF8 and Shh
are not sufficient for the induction of 5-HT neurons in6B and 6E). Furthermore, a Shh-blocking antibody pre-
vented FGF8 from inducing DA neurons in v2 explants ectopic locations.
In searching for additional signal(s) that could partici-(Figure 6C). Thus, FGF8 can control the position of DA
neurons along the A±P but not the D±V axis of the ante- pate in the induction of 5-HT neurons, we found that
FGF4 and FGF2 (but not FGF1, -5, -6, -8, or -9) canrior neural tube and can induce DA neurons only in the
presence of Shh. ectopically induce 5-HT neurons in v3 explants (Figure
7; data not shown), which have endogenous sources ofIn light of the findings that Shh and FGF8 can individu-
ally control the fate of DA neurons along the D±V and Shh and FGF8 (Figure 1G), but not in d3 or v2 explants
(data not shown). Surprisingly, the induction of 5-HTA±P axes, respectively, we went on to examine whether
these two factors can cooperate to specify DA neurons neurons in the midbrain took place at the expense of
DA neurons (Figures 7A and 7B), suggesting that in thein ectopic locations along both of these axes. E9 d2
explants were incubated with FGF8 and Shh and exam- presence of FGF4 neural progenitors in the midbrain
may change their fate and become serotonergic. Theined for the presence of DA neurons 6 days later. DA
neurons were not detected in d2 explants that were induction of 5-HT neurons in the ventral midbrain oc-
curred only when FGF4 was added before the 10 somitecultured with Shh alone (Figure 6D) or with FGF8 alone
(Figure 6E). In contrast, when Shh and FGF8 were added stage (data not shown), indicating that FGF4 must pre-
cede Shh and FGF8. Also, FGF4 was effective only withintogether, a large number of TH1 DA neurons were de-
tected (Figure 6F). Thus, concurrent activation of two a narrow concentration range (5±20 ng/ml). At higher
concentrations the development of both DA and 5-HTdistinct signaling pathways, those of Shh and FGF8,
appears to be required and sufficient for the induction neurons was inhibited (Figure 7C), raising the possibility
that FGF4 mimics a morphogenic gradient. Followingof DA neurons in multiple sites along anterior neural
tube. exposure to FGF2 or -4, midbrain explants from which
theparaxial mesoderm had been enzymatically removed
still gave rise to 5-HT neurons at the expense of DA
Intersection of the FGF8 and Shh Signals neurons (Figure 7D), indicating that FGF4 can act di-
in Conjunction with FGF4 Serves rectly on neural tissue and/or may function through the
as an Induction Center for axial mesoderm. Shh, FGF8, and FGF4 together did not
Serotonergic Neurons induce 5-HT neurons in the caudal forebrain (data not
We next examined whether neural progenitors, which shown). Although neither FGF2 nor FGF4 are locally ex-
give rise to rostral hindbrain 5-HT neurons, also utilize pressed in the hindbrain neural plate or mesoderm (data
for their development the intersecting Shh and FGF8 not shown), FGF4 is expressed in the primitive streak,
signals to which they have access (Figure 1G). Ventral a region juxtaposed to the posterior neural plate (Nis-
hindbrain explants (v4) or mid/hindbrain explants (v3/4) wander and Martin, 1992; Figure 7E) and could prepat-
were cultured in the presence of Shh-blocking antibod- tern the future 5-HT progenitors from this location.
ies or the FGF8-blocking reagent and examined for the Jointly, these findings suggest that at least three sig-
presence of 5-HT neurons 6 days later. Irrelevant anti- nals are required to establish an inductive center for
bodies or control IgGs did not prevent normal develop- rostral serotonergic neurons, and that progenitors in the
ment of 5-HT neurons (Figures 3C and 4A). However, rostral hindbrain assume a serotonergic instead of a
when similar explants were cultured with FGFR3-IgG dopaminergic neuron cell fate in response to Shh and
(Figure 4B) or with Shh function-blocking antibodies FGF8 activity, in part because they were prepatterned
(Figure 3G), the developmentof 5-HT neurons was effec- by FGF4.
tively blocked. FGFR3-IgG prevented the appearance
of 5-HT neurons when added at 0, 3, or 6 somite stages
but not at the 24 somite stage (Figures 4B±4D). In con- Discussion
trast, the Shh-blocking antibodies were still effective
z48±72 hr after the onset of somitogenesis (Figures 3G By simultaneously studying regional markers and ma-
ture neurons, we demonstrate that patterning in the neu-and 3K). Interestingly, although the development of 5-HT
neurons in the caudal hindbrain (explant v5 or v6) is ral plate is a multistep process in which early inducers
(e.g., FGF4) that initiallydivide the neural plate into crudestill dependent on Shh (Figures 3H and 3L), it was not
inhibited by FGFR3-IgG (Figure 4F). Thus, more caudally anterior and posterior compartments are later replaced
Induction of DA and 5-HT Neurons by FGF8 and Shh
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other than FGF8 in the mid/hindbrain and forebrain re-
gions had been inhibited. With this limitation, our work
combined with previous studies (Crossley et al., 1996;
Lee et al., 1997; Shimamura and Rubenstein, 1997; Mey-
ers et al., 1998) provides evidence that endogenous
FGF8 is an essential patterning molecule for the mid-
brain, hindbrain, and rostral forebrain. In the mid/hind-
brain, FGF8 appears to have at least three distinct func-
tions. First, it is necessary for the induction of early
regulatory genes, which pattern the mid/hindbrain re-
gion (i.e., En2). Second, it is required for the sustained
expression of regulatory genes, which establish the isth-
mus (i.e., Pax2, Wnt1, En1). Third, it is essential for the
induction of mature classes of neurons (DA and 5-HT).
FGF8, produced by the ANR, appears to perform similar
functions in the rostral forebrain, as it is responsible for
the activation of the early patterning gene Bf1 and for
the induction of DA neurons. In addition, although we
cannot exclude the possibility that the blocking of FGF8
was incomplete, our findings that only midbrain DA and
rostral 5-HT neurons, which are born adjacent to the
isthmus, but not caudal hindbrain 5-HT neurons, which
are born away from the isthmus, required FGF8 for their
development suggests that FGF8 acts as a local rather
than a long-range patterning molecule. Finally, since
FGF8 is able to induce DA neurons and midbrain markers
in head-mesenchyme-free neural plate, its effect is not
mediated by the paraxial mesoderm.
Our blocking experiments indicate that FGF8 activity
is dispensable for local induction of Pax2, Pax5, Wnt1,
and En1 in the mid/hindbrain and, judged by that, is not
essential for early patterning of the mid/hindbrain region
along the A±P axis. Instead, FGF8 appears to be specifi-
cally targeted toward late patterning events including
the stable expression of mid/hindbrain regulatory genes
and the specification of mature neurons. The temporal
expression pattern of Fgf8, which is first detected in the
isthmus at the 3 somite stage preceded by Pax2, Wnt1,Figure 7. FGF4 Induces 5-HT Neurons in Ventral Mesencephalic
Explants and En1 (e.g., Rowitch and McMahon, 1995; Lee et al.,
(A±D) Six somite rat v3 explants with (A±C) or without (D) paraxial 1997), is consistent with these functions. The multilevel
mesoderm were cultured for 6 days either in control medium (A) or control of gene expression, which was revealed in the
in the presence of 10 ng/ml (B and D) or 30 ng/ml FGF4 (C). All the mid/hindbrain, has been seen previously in Drosophila.
explants were double stained for TH (red) and 5-HT (green). (A): n 5
For example, the segment polarity gene En is initially18/21 TH1, n 5 0/21 5-HT1; (B): n 5 1/7 TH1, n 5 7/7 5-HT1; (C):
activated by the pair-rule genes but then requires then 5 0/5 TH1, n 5 0/5 5-HT1; (D): n 5 0/7 TH1, n 5 7/7 5-HT1.
wingless gene product for its continued expression (e.g.,(E) Ventral view of a flat-mount presomitic embryo in situ hybridized
with Fgf4 (purple) and Otx2 (red). The expression domain of Otx2 Heemskerk et al., 1991).
encompasses the forebrain and midbrain. Extraembryonic tissues It was previously shown that FGF8 can induce ectopic
were removed. Anterior is to the left. Scale bars 5 200 mm in (A±D), Wnt1 expression in the chick embryo (Crossley et al.,
120 mm in (E).
1996); however, we failed to see induction of Wnt1 in(F) A model illustrating the mechanism by which the positions and
v2 explants. This difference could be due to the factfates of DA and 5-HT neurons are controlled. Anterior is to the left.
that the explants used here do not contain the presump-F, forebrain; M, midbrain; H, hindbrain; NE, neural epithelium; is,
isthmus; PS, primitive streak. Top panel, presomitic embryo; middle tive roof plate region. Wnt1 is normally expressed in
and bottom panel, late somitogenic embryo. both the isthmus and the roof plate, and it is possible
that in the chick embryo only roof plate±derived Wnt1
was induced.
by multiple local organizing centers (e.g., Shh/FGF8)
that specify the identity and stereotypic locations of
individual mature neuronal cell types within the major The Role of FGF4 in Patterning the Hindbrain
We observed that FGF4 and FGF2, when added priorbrain subdivisions.
to the10 somite stage atthe appropriate concentrations,
induce 5-HT neurons in the ventral midbrain at the ex-The Role of FGF8
Given the nature of our blocking reagent, we cannot pense of DA neurons. These findings suggest that FGF4
can change the response of early neural progenitors toexclude the possibility that the action of FGF proteins
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later acting signals, leading these progenitors toassume (Thomas and Beddington 1996; Houart et al., 1998). Al-
ternatively, additional isthmus-derived signals may bea more posterior cell identity. Caudalization of the neural
tube in response to FGF2 or FGF4 has been previously required.
demonstrated in the chick (Muhr et al., 1997; Storey et
al., 1998) and frog (Cox and Hemmati-Brivanlou, 1995; Cell Pattern in the Neural Plate
Kengaku and Okamoto, 1995; Lamb and Harland, 1995). Our findings illustrate in molecular terms that a func-
However, these studies have either shown that FGF2 tional Cartesian grid of positional information that is
caudalizes the neural tube indirectly by modifying the composed of secreted molecules exists in the neural
paraxial mesoderm or they reported changes only in tube and provide evidence that it acts to specify the
early regional markers. We instead have examined the fate and location of mature neurons. Traditional models
regionalization of early markers as well as mature neu- predicted a nondynamic, global Cartesian grid in which
rons on head-mesenchyme-free mid/hindbrain. We were the concentration of two intersecting molecules would
thus able to provide evidence that patterning along the define the fate of all cells throughout the neural tube.
A±P axis of the neural tube is a stepwise process, that Our findings instead support the existence of multiple
the FGF2/4 activity is one of multiple participating sig- local grids that overlap in time and space (see also
nals, that later acting signals determine the fate of ma- Thomas and Beddington, 1996; Dale et al., 1997; Houart
ture neurons, and that FGF4 can directly act on neural et al., 1998). According to a revised model, global orga-
tissue or may influence the axial mesoderm. nizer-derived neuralizing (e.g., Chordin, Noggin, Fol-
Neither FGF2 nor FGF4 are discretely expressed in listatin, Cerebrus, Xnr3, and Dkk1) and caudalizing (e.g.,
the rostral hindbrain region in the 0±10 somite stage FGF2, FGF4, and eFGF) molecules would initially induce
embryo (data not shown), indicating that they may not the neural plate and divide it into anterior and posterior
act as local signals. However, FGF4, which is structurally compartments (reviewed in Lumsden and Krumlauf,
related to eFGF, a candidate neural posteriorizing agent 1996; Harland and Gerhart 1997; Storey et al., 1998).
in the Xenopus (Pownall et al., 1996), is expressed in Subsequently, multiple local organizing centers would
the primitive streak of the presomitic embryo (e.g., Nis- be established as intersections of different secreted sig-
wander and Martin, 1992) (Figure 7E). The primitive naling molecules (e.g., Shh and FGF8) that in turn would
streak abuts the posterior neural epithelium and FGF4 specify the identity and stereotypic locations of individ-
could therefore prepattern the hindbrain by diffusion or ual neuronal cell types within the initial compartments
by affecting cells that migrate from the anterior primitive (Figure 7F).
streak to the future hindbrain (Lawson and Pedersen
1992). Alternatively, FGF4 may simulate the action of a Experimental Procedures
yet unidentified locally expressed member of the FGF
Collagen Explant Culturesprotein family or cell adhesion molecules, which activate
Rat embryos at 0±6 somite stage (Hilltop Labs) were dissected intothe FGF signal cascade (Walsh and Doherty 1997). Fi-
seven pieces along the A±P axis; each explant was further divided
nally, FGF4 could pattern the future hindbrain notochord into dorsal and ventral parts, and individual explants were cultured
cells as they migrate through the streak. These cells in collagen gel for 1±7 days as described (Hynes et al., 1995a), then
in turn would pattern hindbrain neural plate, allowing monitored for the appearance of region-specific genes and cell
types. All experiments were done on two sets of explants: one setintegration of vertical (FGF4) and planar (FGF8) signals
with the underlying axial and paraxial mesoderm, another withoutto specify the position and identity of DA and 5-HT neu-
paraxial mesoderm. E2 chick ventral isthmus explants (correspond-rons. The narrow range of effective FGF4 concentrations
ing to the isthmic FGF8 expression domain) (Crossley et al., 1996)
would provide a mechanism by which the development without underlying head mesenchyme were dissected out from 10
of 5-HT neurons is limited to the hindbrain. somite embryos and used in the tissue recombination experiments
Interestingly, although FGF2 and -4 were capable of (Figures 2D±2F). Heparin acrylic beads (Sigma) were soaked in 0.5
mg/ml protein solution overnight at 48C and washed three times ininducing ectopic 5-HT neurons in the midbrain at con-
cold PBS just before use. Control beads were soaked in PBS in thecentrations as low as 5 ng/ml, other members of the
absence of protein. FGF1, -2, -4, -5, -6, -7, -8, EGF, and PDGF areFGF protein family, including FGF8, did not display this
from R & D systems. All other growth factors were made at Genen-
activity at any concentration between 0±600 ng/ml. tech, Inc.
These differences could reflect variability in the potency
of individual factors or selective usage of receptors. Our In Situ Hybridization and Immunostaining
In situ hybridization and immunostaining of sections and explantsfindings that FGF4 binds equally well to soluble FGFR1
were performed as described (Hynes et al., 1995b). Antibody dilu-and -3, whereas FGF8 only binds FGFR3 in vitro (data
tions were: anti-TH, 1:500; anti-b-tubulin, 1:1000; anti-calretinin,not shown), supports the latter possibility. Consistent
1:2000 (Chemicon); anti-5-HT, 1:1000 (IncStar); anti-FP4, 1:200; anti-
with the idea that FGF8 and FGF4 may have different Islet-1, 1:500; anti-HNF3b, 1:2000; anti-L1, 1:2000 (DSHB); and anti-
functions and are required at different times for the de- Shh function-blocking antibody 5E1 (DSHB), 1:200 in the blocking
velopment of 5-HT neurons, we find that FGFR1 pre- experiments and 1:1000 in the staining experiment (Figure 1G, mid-
vented neural development when added at the presomi- dle row). For staining, anti-Shh was added in the explant culture
medium for 12 hr at 378C before fixing. Two-color, whole-mount intic stage (data not shown) but, in contrast to FGFR3,
situ hybridization was carried out as described previously (Shima-failed to block the induction of 5-HT neurons when
mura and Rubenstein, 1997).added between 0±6 somite stage. Even in the presence
of FGF8, Shh, and FGF4, we were unable to induce 5-HT IgG Fusion Proteins
neurons in the caudal forebrain. One possible reason is cDNA sequences encoding the extracellular domains of CD4,
that the forebrain may have been partially determined FGFR1c, and FGFR3c were fused in frame to the SH2-SH3-hinge
region of rat IgG2a and cloned into a SV40-based expression vector.by an early anterior organizer that precedes the ANR
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Recombinant plasmids were transiently transfected into 293 cells Early stages of motor neuron differentiation revealed by expression
of homeobox gene Islet-1. Science 256, 1555±1560.and conditionedmedia was harvested after 72 hr. IgG fusion proteins
were purified from the conditioned media using T-adsorbent gels Ericson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell, T.M.
(Pierce) according to the manufacturer's instruction and used at a (1996). Two critical periods of Sonic hedgehog signaling required
concentration of 60 mg/ml with 1 mg/ml heparin (Sigma). Binding for the specification of motor neuron identity. Cell 87, 661±673.
specificity of the IgG fusion proteins was confirmed using a filter Foley, A.C., Storey, K.G., and Stern, C.D. (1997). The prechordal
binding assay. CD4±IgG showed no binding to any FGF protein region lacksneural inducingability, but can confer anterior character
tested. to more posterior neuroepithelium. Development 124, 2983±2996.
Gardner, C.A., and Barald, K.F. (1991). The cellular environment
RT±PCR controls the expression of engrailed-like protein in the cranial neu-
Total RNA was isolated from cultured explants using RNAzol B (Tel roepithelium of quail±chick chimeric embryos. Development 113,
Test), and cDNA was made using MMLV RT (GIBCO BRL). PCR 1037±1048.
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